The determination of ampicillin in plasma and serum by reversed-phase high-performance liquid chromatography with UV detection suffers from poor selectivity and sensitivity. Currently, the most common approach to overcoming these problems consists of improving the compound's detectability via pre-or postcolumn derivatization. In the method that we describe, however, enhanced selectivity is afforded by sample purification by a tandem solid-phase extraction method (ion-exchange and reversed-phase). This approach permits detection at wavelengths of as low as 210 nm, which results in enhanced sensitivity (detection limit, 0.01 ,ug/ml). A second factor that affects selectivity is the addition to the chromatographic eluent of a crown ether to optimize the separation between ampicillin and polar endogenous plasma constituents. This combination of improved sample pretreatment and a more selective chromatographic system in conjunction with internal standardization forms the basis of a new assay for the quantitation of ampicillin in plasma. The overall recovery of ampicillin was 76.4% + 4.9% (n = 24), and the within-run and between-run coefficients of variation ranged from 1.6 to 7.2%. The method was applied to pharmacokinetic studies in cows and dogs after intramuscular or oral administration of the drug.
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The determination of ampicillin and other penicillins in plasma by high-performance liquid chromatography (HPLC) has traditionally struggled with problems of selectivity and sensitivity, mainly as a result of poor detectability (12) . The molar absorption coefficient of ampicillin at its 'max (e = 3,036 M-1 cm-' at 257 cm) (7) is too low to afford sufficient sensitivity. Pre-and postcolumn reactions have been reported to convert the compound either to a derivative that displays more useful light-absorbing properties (nmax, 300 to 330 nm) (2, 3, 12, 17) or to a fluorescent breakdown product (10, 13) . Alternatively, UV detection is carried out at 220 to 230 nm, which is more sensitive but less selective than detection at 257 nm (1, 4, 6, 8, 16) . However, the loss of selectivity by these methods is not compensated for by a superior sample pretreatment. The latter merely consists of ultrafiltration (6) or a simple deproteinization of plasma without further cleanup of the extract (1, 4, 8, 16) . By the latter methods, sensitivity is further restricted by the dilution of the sample. Neither double-phase nor solid-phase methods have been reported for the extraction and concentration of ampicillin from plasma.
The method described in this report approaches the basic problems of sensitivity and selectivity in ampicillin quantitation assays from the standpoint of sample pretreatment rather than detection. To this end, a tandem solid-phase extraction procedure was developed. The procedure not only ensures sufficient sample purification to permit sensitive detection at wavelengths of as low as 210 nm but also permits a twofold concentration of the sample. This new approach forms the basis of a reversed-phase HPLC method * Corresponding author. for the quantitative determination of ampicillin in bovine and dog plasma.
MATERIALS AND METHODS
Chemicals and reagents. Ampicillin trihydrate and cephalexin (structural formulas are depicted in Fig. 1 Sample preparation. To 0.5 ml of plasma was added 50 ,ul of the internal standard solution (cephalexin, 20 ,ug/ml) and 4.5 ml of 0.05 M HCl. After mixing and brief centrifugation at 1,500 x g, the clear solution was applied on top of a PRS extraction column that had been preconditioned successively with methanol (10 ml) and 0.05 M HCI (5 ml). The column was washed with 2.5 ml of 0.05 M HCl and eluted with 3 ml of methanol-0.5 M sodium phosphate buffer (pH 4.9) (5:95; vol/vol). The eluate was transferred to a C18 extraction column which had been preconditioned successively with methanol (10 ml), water (5 ml), and 0.067 M KH2PO4 (5 ml). The column was washed with 2.5 ml of methanol-0.067 M KH2PO4 (10:90; vol/vol) and was eluted with 3 ml of methanol. The methanolic eluate was mixed with 0.5 ml of the chromatographic solvent (see below), and the solution was transferred to a conical evaporation tube. The extract was concentrated at room temperature under vacuum (water aspiration) (Rotary Evapo-Mix; Buchler Instruments, Fort Lee, N.J.). The aqueous residue was extracted twice with 1 ml of methyl-t-butylether. After removal of the upper phase, a 100-,ul aliquot of the aqueous layer was injected onto the column.
Apparatus and chromatographic conditions. The liquid chromatograph consisted of a Varian 5020 pump (Varian Associates, Palo Alto, Calif.), an N60 valve injector (Valco, Houston, Tex.) fitted with a 100-,ul loop, an LC-95 variablewavelength detector (Perkin-Elmer, Norwalk, Conn.) set at 210 nm (0.02 absorbance units, full scale), and an SP 4100 integrator (Spectra-Physics, San Jose, Calif.) set at attenuation 16. The column (15 by 0.46 cm), which was packed with 5-,um Hypersil ODS (Hichrom, Reading, United Kingdom), was eluted with a mixture containing 10 parts of acetonitrile and 90 parts of 0.011 M 18-crown-6 in methanol-0.067 M KH2PO4 (1:9; vol/vol). The flow rate was 1 ml/min, and the temperature was ambient.
Quantitation. Stock solutions of ampicillin in 0.067 M KH2PO4 contained approximately 4 and 68 ,ug of anhydrous ampicillin per ml. The concentration of the internal standard (cephalexin, dissolved in 0.067 M KH2PO4) was 20 ,ug/ml. All solutions were stored at 4°C and were controlled daily by chromatography. Samples (0.5 ml) of blank plasma were ,ug/ml) and the internal standard (50 VI) and were analyzed as the unknows. Calibration curves were constructed by plotting peak height ratios (ampicillin/cephalexin) versus the corresponding ampicillin concentrations. The ampicillin concentrations in unknown samples were calculated by extrapolation from the standard curves. For comparison, calibration curves were also determined following direct injection (without extraction) of the standard samples.
Method validation. (i) Linearity. The slopes, intercepts, and correlation coefficients of the calibration curves were calculated by linear regression analysis.
(ii) Reproducibility. Four plasma pools supplemented with ampicillin (approximately 0.5, 1.6, 2, and 8 ,ug/ml) were divided into 0.7-ml aliquots and were frozen at -80°C. Samples (0.5 ml) were repetitively analyzed on different days (one sample a day) to calculate between-run precision. Control samples containing approximately 1.0 and 1.6 ,ug of ampicillin per ml were analyzed in one run to test within-run precision. In addition, the day-to-day variation of the slope of the calibration curves was calculated. ampicillin (0.5, 2, and 8 ,ug/ml), but with the addition of the internal standard after the evaporation of the methanolic eluate of the Bond Elut C18 extraction column. A mixture of the same amounts of ampicillin and the internal standard in an extract of blank plasma served as a reference. Similarly, the recovery of the internal standard cephalexin was evaluated, with ampicillin added at the end.
(iv) Detection limit. The detection limit was estimated from the size of the smallest ampicillin peak obtained in extracts of bovine plasma (taken 24 h postdose). It was defined as the concentration in plasma that resulted in a detectable peak of approximately four times the noise level.
Pharmacokinetic analysis. Model-independent parameters were evaluated. The peak concentration of drug in serum and the time at which it was reached were the observed values. The elimination half-life was determined from the terminal log-linear phase of the plasma concentration-time curve. The area under the curve was calculated by the trapezoidal rule.
RESULTS
Chromatography and plasma profiles. Representative chromatograms of postdose bovine and dog plasma samples are shown in Fig. 2A and C. The retention times of cephalexin (internal standard) and ampicillin were approximately 6.4 and 7.1 min, respectively. No significant endogenous peaks coeluted with both compounds, as shown in the corresponding chromatograms of extracts of blank plasma samples ( Fig. 2B and D) . Small late-eluting peaks were virtually absent in bovine plasma chromatograms (Fig. 2B ), but they did occur to a certain extent in dog plasma chromatograms (Fig. 2D) . To speed up the elution of these compounds, the flow rate was doubled after elution of the ampicillin peak (at 8 min).
Method validation. A linear relationship existed between peak height ratios (ampicillin versus cephalexin) and ampicillin concentrations up to 10 ,ug/ml. Linear regression analysis of standard curves always yielded correlation coefficients that exceeded 0.999. Data with regard to within-run precision, between-run precision, and day-to-day variation on the slope of standard curves are given in Table 1. Table 2 presents recovery data for ampicillin and the internal standard. The detection limit was estimated at 0.01 jig/ml. Applications. The method was used to study the pharmacokinetics of ampicillin in four cows and four dogs. Dosing was by intramuscular injection (10 or 20% preparation for cows) or oral administration (capsules or tablets for dogs). Representative plasma ampicillin-versus-time plots are given in Fig. 3A (cows) and B (dogs). Table 3 lists some basic pharmacokinetic parameters obtained for cows and dogs. DISCUSSION Initially, most of the chromatographic system used in this study was adopted from the system of Vree et al. (16) ; the exception was the column. However, under these conditions, the large endogenous peak that eluted at 3.2 min in Fig. 2 interfered with the elution position of ampicillin. The addition of a crown ether to the mobile phase significantly increased the retention of ampicillin without affecting that of the interfering peak. This retention-enhancing effect of crown ethers on aminopenicillins has been described previously (11), but it has not been exploited for use in the determination of these drugs in biological materials. As a result of the enhanced resolution between ampicillin and the endogenous plasma peaks, a larger percentage of acetonitrile could then be used, which reduced the overall chromatographic run time. However, the major improvement in selectivity compared with those of existing ampicillin assays was derived from an effective sample pretreatment. The selectivity gain was sufficient to obviate the need for pre-or postcolumn derivatization and to permit absorption detection at 210 nm, unlike the more selective absorption detection at 220 to 230 nm used in previous studies (1, 4, 6, 8, 16) . Regardless of the detection method, all of these methods use either ultrafiltration (2, 3, 6) or a simple deproteinization of plasma with trichloroacetic acid (10, 13, 17) perchloric acid (5, 16) , methanol (1, 5, 8) , or acetonitrile (4) as the only sample purification. Apart from the nonselective nature of this approach, the repeated injection of strong acids is known to result in column deterioration (9) . Double-phase extraction of ampicillin is not feasible because of the compound's amphoteric character and insolubility in organic solvents. A single solid-phase extraction of ampicillin from milk has been reported (15) . However, elution of the C18 cartridge was carried out with a predominantly aqueous mixture, which precludes concentration of the extract and, hence, limits the sensitivity. In the method described here, the use of two complementary solid-phase systems provides a superior sample purification and, at the same time, transfers ampicillin to an all-organic medium. The methanolic eluate of the C18 column can be conveniently evaporated to dryness. The reconstitution of the residue with a small volume of aqueous potassium phosphate was found to be facilitated by adding the latter to the methanol before the evaporation. Thus, excellent sensitivity results from the combination of extract concentration (final volume, about 250 ,ul) and the use of a low wavelength (210 nm) for detection. The detection limit of 0.01 ,ug/ml is substantially lower than previous values obtained with native UV detection (0.5 to 5 ,ug/ml) (1, 5, 8, 16) or UV detection after derivatization (0.1 ,ug/ml) (2, 17) .
The use of a close structural analog of ampicillin as an internal standard to compensate for analytical variability contributes to the good reproducibility of the method described here. Initially, epicillin was used for this purpose. However, because of the reduced length of the chromophore of this compound, much higher quantities were required to equal the response of ampicillin. Cephalexin is the cephalosporin equivalent of ampicillin, having an aminobenzyl side chain, a carboxyl group, and the same number of carbon atoms, although it has a nucleus of a different size (Fig. 1) . Cephalosporins, including cephalexin, have previously been used as internal standards for ampicillin (1, 8) . Ampicillin and cephalexin possess comparable acid-base and hydrophobic properties and, consequently, behave in similar ways on the two extraction columns. This is evidenced from the recovery data (Table 2 ) and the comparable slopes (6% difference) (Table 1) of the standard curves obtained by analyzing spiked samples and those obtained by direct injection. These results as well as the specificity of our method (absence of matrix interferences) support its accuracy (14) .
As part of the pharmacokinetic studies in cows and dogs, several hundred analyses were performed on the same column. A total of 20 samples, including 5 standard samples and 1 control sample, could be analyzed in a normal working day. The complexity of the sample pretreatment does not permit a very high number of samples to be analyzed in one run. However, the substantial sample purification contributed to the long column lifetime. This is likely to be considerably reduced by the repeated injection of impure extracts obtained by a simple deproteinization of the plasma. Compared with the latter type of assays, the one described here offers the advantage of substantially enhanced selectivity, which in turn guarantees superior sensitivity. This method is also likely to be applicable to human plasma, because a similar recovery of ampicillin was obtained and blank extracts were free of interfering peaks.
